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We report high-pressure Raman spectra of carbon onions and nanocapsules investigated by diamond
anvil cell experiments. The pressure coefficient and elastic behavior of carbon onions and
nanocapsules are found to be very similar to those of multiwall carbon nanotubes. Additionally,
detectable structure changes, particularly the collapse of the concentric graphite structure, cannot
been seen at pressures as high as 20 GPa, demonstrating that carbon onions and nanocapsules
have significant hardness and can sustain very high pressures. © 2009 American Institute of
Physics. DOI: 10.1063/1.3200246
Elemental carbon can exist in diverse phases, such as
graphite, diamond, and fullerenes, because of its ability to
form sp, sp2, and sp3-hybridized bonds.1 As one of the stron-
gest bonds in nature, the sp2 carbon bond graphitelike pro-
vides graphene planes excellent mechanical properties. Re-
cently, mechanical performances of carbon species, such as
graphite,2,3 carbon nanotubes CNTs,4,5 and C60 Refs. 6–8
have been widely investigated by diamond anvil cell DAC
experiments. The graphitelike nanostructures usually show
exceptional hardness due to the strong sp2 bindings and the
support from the concentric graphite sheets. Among various
carbon materials, carbon onions and carbon nanocapsules
have a unique multishelled spherical structure. The concen-
tric graphite spheres are expected to have excellent tribologi-
cal properties as lubricants.9 However, although understand-
ing their high-pressure stability is indispensable for
lubrication applications, high-pressure properties of carbon
onions and nanocapsules have not been studied by a DAC
experiment due to the lack of high-purity samples.
High-purity carbon onions and carbon nanocapsules
used in this study were synthesized by arc discharge in liq-
uids. The detailed procedures can be found elsewhere.10,11
The microstructure of the as-prepared samples was investi-
gated using scanning electron microscopy SEM, JEOL JSM-
6700 and high-resolution transmission electron microscope
HRTEM, JEOL JEM-2010. For high-pressure DAC experi-
ments, the samples were loaded into a metal gasketted DAC.
A mixture of methanol-ethanol 4:1 was used as the pressure
transmitting medium.12 The R1-line emission of a tiny ruby
chip was used for pressure calibration. Raman spectra were
obtained at room temperature using an Ar+ laser excitation
wavelength: 514.5 nm.
The carbon onions prepared by arc discharge in water
was examined by SEM Fig. 1a. Nearly spherical carbon
onions with diameters of 10–50 nm can be observed, and the
average particle size is 30 nm. The concentric layer struc-
ture uniquely possessed by carbon onions is revealed by HR-
TEM Fig. 1b. The interlayer distance is 0.34 nm, close
to that of the graphite 002 plane, and the onions are fully
filled by graphite sheets with the core of fullerenes C60
molecules. The concentric graphite sheets look perfect and
obvious defects cannot be seen. For the carbon nanocapsules,
the core-shell structure can be revealed by SEM image from
the contrast difference between carbon shells and nanometal
cores Fig. 1c. The diameters of the carbon nanocapsules
range from 10 to 100 nm. HRTEM image Fig. 1d shows
that the iron core is tightly surrounded by the carbon shells
and the bcc iron appears to have a coherent crystallographic
relation with the carbon shells.13 Again, the graphite sheets
look perfect and obvious amorphous phase cannot be de-
tected. It is worth noting that from both SEM and TEM
observations, the impurity phases, such as amorphous carbon
and CNTs, are rarely found in the carbon onions and carbon
nanocapsules prepared by arc discharge in liquids. This dem-
onstrates that the samples used in our study are high purity,
which allows us to detect the intrinsic photon scattering of
carbon onions and carbon nanocapsules at high pressures by
rationally ignoring the influence of impurity phases.
aAuthor to whom correspondence should be addressed. Electronic mail:
mwchen@wpi-aimr.tohoku.ac.jp.
FIG. 1. Microstructure of high-purity carbon onions and nanocapsules syn-
thesized by arc discharge in liquids. a SEM micrograph of carbon onions,
b HRTEM image of carbon onions, c SEM micrograph of carbon nano-
capsules. d HRTEM image of a carbon nanocapsule with a nanosized
single-crystal iron as the core.
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It has been demonstrated that carbon onions have two
characteristic Raman bands at 1356 and 1585 cm−1, corre-
sponding to the D and G modes of graphite carbon. Because
the frequency range of 1300–1400 cm−1 is covered by the
strong scattering from the diamond window, the high-
frequency region from 1400 to 2000 cm−1 was scanned to
detect the G mode. Figure 2a shows the Raman spectra of
carbon onions obtained at different pressures. In the Raman
spectrum of the pristine carbon onions, a strong and sharp
peak at 1585 cm−1 corresponds to the in-plane stretching
vibration of the sp2 carbon-carbon bonds within the graphitic
layers of carbon onions.14,15 When the pressure increases
from the ambient pressure to 20 GPa, the G-band progres-
sively shifts to higher frequency, indicating the hardening of
carbon-carbon in-plane interactions.4 Meanwhile, the inten-
sity of the G-band gradually decreases, accompanied by peak
broadening. Interestingly, three small peaks at 1456, 1471,
and 1485 cm−1 appear when the samples are loaded to 2.9
GPa. It has been reported that the characteristic Ag2 mode,
or pentagonal-pinch pp mode, of the C60 fullerene is at
1469 cm−1 and the Raman active Hg7 mode of C60 also
exists in this range.16,17 Considering the absence of the three
bands in the carbon nanocapsules Fig. 2, the peaks at 1456
and 1471 cm−1 most likely correspond to the Hg and Ag
modes of the fullerene cores in the onion structure. The ap-
pearance of these fullerene bands at high pressure is prob-
ably related to the predominantly tangential shifts of carbon
atoms with pressing pentagons and widening adjacent hexa-
gons. Since the interaction between C60 and outer shells is
unavoidable under pressures, the peak at 1485 cm−1 may be
due to the splitting of the pp modes.18 The phenomenon of
the splitting of Ag2 mode has been also observed in the
peapod structure of CNTs.19 In order to avoid the quadratic
effect on pressure induced Raman shift,3 we only plot the
pressure dependences of G-mode within the pressure range
from ambient to 10 GPa Fig. 2b. Within this pressure
range, the loading condition can be regarded as the true hy-
drostatic state. The pressure coefficient dw /dp of the
G-band is determined to be about 4.4 cm−1 /GPa. The three
fullerene peaks also has linear relations with pressures with
coefficients of 2.35, 2.69, and 2.14 cm−1 /GPa for the modes
at 1456, 1471, and 1485 cm−1, respectively. Above 8.2 GPa,
these peaks merge into one broadband at 1480 cm−1, which
is similar to the observations of C60.
3 The Raman band
broadening of the carbon onions suggests that the structural
distortion of the circular cross section occurs at high
pressures.20 When the loading pressures are continuously in-
creased up to 17 GPa, except peak shift, further structure
change cannot be observed from the high-pressure Raman
spectra. To probe possible structure change during
decompression,21 the Raman spectra of the carbon onions
were recorded during unloading as shown in Fig. 2c. In
comparison with the loading spectra Fig. 2a, the pressure
induced structure changes are almost fully recovered. The
pressure coefficient of G mode during decompression was
measured to be 4.0 cm−1 /GPa, only slightly lower than that
4.4 cm−1 /GPa during compression Fig. 2d. This further
demonstrates that the pressure induced structure changes are
nearly reversible. The slight difference in the pressure coef-
ficient between compression and depression probably results
from the pressure induced structure damage that will be dis-
cussed later.
Figure 3a shows the Raman spectra of carbon nanocap-
sules loaded to various pressures. Similar to the carbon on-
ions, noticeable peak shift and broadening of G mode can be
observed with the increase in pressures. However, the three
small peaks at 1456, 1471, and 1485 cm−1 do not show up
when the applied pressure is as high as 20 GPa, further prov-
ing that they originate from the fullerene cores of the carbon
onions. The pressure coefficient of the G mode is measured
to be 4.2 cm−1 /GPa Fig. 3b, slightly smaller than that
of the carbon onions. During decompression, the peak posi-
tion and width of the Raman spectra almost recover with the
decrease in pressures. Interestingly, the pressure coefficient
of decompression, 4.5 cm−1 /GPa Fig. 3d, becomes
larger than that of compression. This is probably due to the
large elastic mismatch between the graphite shells and metal
cores. To explore the correlation between structure and pres-
sure coefficients of carbon G mode, we compare the present
measurements with the literature values of single-wall CNTs
SWCNT, 5.7 cm−1 /GPa, multiwalled CNTs MWCNT,
4.25 cm−1 /GPa, and graphite 4.7 cm−1 /GPa.22,23 It can
be seen that the pressure coefficients of carbon onions and
capsules are very close to that of MWCNT, indicating that
the curved multilayered graphite sheets in the different nano-
structured carbon have the similar pressure sensitivity and
elastic behavior.
Although the in situ high-pressure Raman spectroscopy
does not reveal obvious structure changes during compres-
sion and decompression circle, the difference in the pressure
FIG. 2. Color online High-pressure Raman spectra and pressure sensitivity
of carbon onions. a Pressure-dependent Raman spectra during loading. b
Pressure dependence of Raman band shift during loading. c Pressure-
dependent Raman spectra during unloading. d The pressure dependence of
Raman band shift of carbon onions in the decompression cycle.
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coefficients of the compression and decompression for both
carbon onions and carbon nanocapsules indicates that struc-
ture damages may take place at high pressures. For carbon
materials, a large number of experimental and theoretical
investigations have suggested that the intensity ratio of D
and G bands, i.e., ID / IG, is associated with the deterioration
of graphite structure or the disruption of the aromatic system
in the graphitic framework.24 We measure the ID / IG ratios of
the as-prepared and pressurized carbon onions and carbon
nanocapsules Figs. 4a and 4b. Both samples show no-
ticeable changes in the ID / IG ratios before and after high-
pressure DAC experiments. For the carbon onions, the ID / IG
ratio increases from 0.17 of the as-prepared samples to 0.43
of the samples pressurized to 17 GPa. For carbon nanocap-
sules, the ID / IG ratio increases from 0.37 to 0.68 after pres-
surized to 20 GPa. The increments in the ID / IG ratios for
both samples unambiguously demonstrate the occurrence of
certain amount of structure damage induced by high pres-
sures, although the concentric graphite structure of carbon
onion and nanocapsules can sustain high pressures. The more
significant structural damage of the carbon nanocapsules
with a larger ID / IG ratio is probably associated with the im-
pairment at the coherent graphite and iron interfaces.
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FIG. 3. Color online High-pressure Raman spectra and pressure sensitivity
of carbon nanocapsules with iron nanoparticles as cores. a Pressure-
dependent Raman spectra during loading. b Pressure dependence of Ra-
man band shift during loading. c Pressure-dependent Raman spectra dur-
ing unloading. d The pressure dependence of Raman band shift during
unloading.
FIG. 4. Color online a Raman spectra of carbon onions before and after
high-pressure compression and b Raman spectra of carbon nanocapsules
before and after compression.
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